Bull Breeding Soundness Evaluation (BBSE) is commonly undertaken to identify bulls that are 10 potentially unfit for use as breeding sires. Various studies worldwide have found that 11 approximately 20 per cent of bulls fail their routine pre-breeding BBSE, and are therefore 12 considered subfertile. Multiple papers describe the use of testicular ultrasound as a non-invasive 13 aid in the identification of specific testicular and epididymal lesions. Two previous studies have 14 hypothesized a correlation between ultrasonographic testicular parenchymal pixel-intensity (PI) 15 and semen quality, however to date no published studies have specifically examined this link. 16 The aim of this study therefore was to assess the relationship between testicular parenchymal PI 17
(measured using trans-scrotal ultrasonography) and semen quality (measured at BBSE), and the 18 usefulness of testicular ultrasonography as an aid in predicting future fertility in bulls, in 19 particular those that are deemed subfertile at first examination. A total of 162 bulls from 35 20 farms in the South East of Scotland were submitted to routine BBSE and testicular 21 ultrasonography between March and May 2014, and March and May 2015. Thirty three animals 22 failed their initial examination (BBSE1) due to poor semen quality, and were re-examined 23 (BBSE2) 6 to 8 weeks later. Computer aided image analysis and gross visual lesion scoring were 24 performed on all ultrasonograms, and results compared to semen quality at BBSE1 and BBSE2. 25 The PI measurements were practical and repeatable in a field setting, and although the results of 26 this study did not highlight any biological correlation between semen quality at BBSE1 or BBSE2 27 and testicular PI, it did identify that gross visual lesion scoring of testicular images is comparable 28 to computer analysis of PI (P<0.001) in identifying animals suffering from gross testicular fibrosis. 29 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Introduction 35
Beef suckler cow enterprises heavily rely on natural service sires to achieve pregnancy in their 36 females, and bulls are also often used to 'sweep up' following a period of artificial insemination (AI) 37
in both dairy and beef herds [1] . Bull Breeding Soundness Evaluation (BBSE) is commonly undertaken 38
to identify bulls that are potentially unfit for use as breeding sires, and thus to avoid poor herd 39
reproductive BBSEs of all bulls enrolled in the study were undertaken as part of the routine examination of 67 M A N U S C R I P T
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animals approximately 8 weeks in advance of the breeding season (BBSE1). Animals that failed 68 BBSE1 and were classified as subfertile due to poor semen quality were re-examined 6 to 8 weeks 69 later (BBSE2), which allowed for one spermatic cycle to be completed between both evaluations. 70
This enabled assessment of persistent or transient subfertility, and therefore decision making by the 71 veterinarian and farmer on whether a bull was deemed suitable as a breeding sire or not. Although 72 BBSE does not guarantee fertility, it provides producers confidence that they are greatly reducing 73 the risk of using bulls that will fail to achieve normal fertility levels due to physical or semen quality 74 problems [16] . 75
BBSE 76
All BBSEs were performed on farm by trained and experienced examiners following British Cattle 77
Veterinarian Association (BCVA) guidelines [16] . A 4-stage BBSE was performed at each examination 78 and involved a general physical examination, examination of the external reproductive tract 79 (including scrotal circumference measurement using a Reliabull® measuring tape), examination of 80 the internal reproductive tract, and collection and examination of a semen sample collected via 81 electro-ejaculation (EEJ). If a sample of poor quality was collected upon first EEJ, a second and final 82 semen sample was collected by EEJ after a 20 minute rest period. Gross motility was assessed using 83 a bright field microscope at x10 magnification, and the percentage of progressively motile 84 spermatozoa was estimated using phase contrast microscopy at x40 magnification. Sperm 85 morphology was assessed using eosin-nigrosin stained semen smears at x100 magnification. 86
Percentage of normal spermatozoa, detached heads, proximal cytoplasmic droplets, head defects, 87 coiled tails, distal midpiece reflex, coiled prinicipal piece, white blood cells, "other" and total 88 abnormal spermatazoa were calculated by counting a total of 200 spermatozoa per slide. Bulls were 89 classified as subfertile due to poor semen quality if the ejaculate contained less than 60 per cent 90 progressively motile spermatozoa and/or less than 70 per cent morphologically normal spermatozoa 91
[16]. 92
Testicular ultrasound and pixel intensity (PI) 93
A B-mode ultrasound scanner equipped with a 4.5MHz-8MHz linear array transducer (Easi-Scan; BCF 94
Technology, Strathclyde, Scotland) was used to image the testes of each bull submitted for BBSE 95 before EEJ was carried out. The same equipment was used for every examination and the settings 96 for focus, gain, brightness and contrast standardised at the machine median settings. All images 97
were taken by the same examiner (MT). The testicles were prepared before each examination using 98 disposable paper towels so that they were clean and dry. A conductive ultrasound gel was used as a 99
coupling material between the scrotum and transducer, and pressure applied until minor scrotal skin 100 indentation occurred. The ultrasound transducer was held vertically (parallel to the long axis of the 101 testes) on the caudal surface of the scrotum. The image was aligned until the mediastinum of the 102 testes was clear and apparent. The image was then frozen and stored. This process was repeated 103 M A N U S C R I P T
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with the ultrasound transducer in the horizontal plane (at the widest part of the testicle) and both 104 views were repeated for the other testicle. Each ultrasound examination therefore comprised of 105 four images from each bull (Figure 1 
a, b). 106
Computer analysis of each image was undertaken using image analysis software (Image J, U. S. 107
National Institutes of Health, Maryland, USA [17]). The examiner was blinded to the bulls and 108 testicular ultrasonographic images by anonymous numbering of the images. Testicular PI of images 109 in the vertical plane was determined by drawing 6 circles 10mm in diameter in the parenchyma of 110 the testicle within 10mm of the mediastinum of the testicle (3 medially and 3 laterally to the 111 mediastinum testes) where the parenchyma appeared homogenous. The same method was used for 112 images in the horizontal plane using 4 circles 10mm in diameter (2 cranially and 2 caudally to the 113 mediastinum testes) (Figure 1 c, BBSE1. Testicular parenchymal image data taken at BBSE1 were also compared to semen quality at 146 BBSE2 (6 to 8 weeks later) and the change in semen quality between BBSE1 and BBSE2 in animals 147 requiring a second BBSE was assessed. Box and whisker plots and two sample t-tests were 148 undertaken to investigate the relationship of BBSE pass or fail outcomes with ultrasound variables. 149
Multivariable general linear regression models with backwards selection were used to investigate 150 the association between progressive motility and PI mean, testicular lesion score whilst controlling 151
for any effect of age. 152
Results 153
Of 162 bulls tested in this study, 61 animals (37%) failed BBSE1, with 33 (20%) failing due to poor 154 semen quality (less than 60 percent progressively motile spermatozoa and/or less than 70 per cent 155 morphologically normal spermatozoa). Twenty one of the 33 animals that failed BBSE1 (64%) also 156 failed BBSE2 6 to 8 weeks later. Reasons for failure of BBSE and semen associated abnormalities 157 recorded are described in Table 1 Comparison of PI of images and semen quality parameters at BBSE1 are shown in Figure 3 . No visual 160 correlation was observed when comparing mean PI or standard deviation of PI to percentage of 161 progressively motile spermatozoa or percentage of morphologically normal spermatozoa at BBSE1. 162
Statistically significant correlation was observed between PI standard deviation and progressive 163 motility (P= 0.022) (r2=3.2%) and morphology (P=0.008) (r2= 4.3%) (Figure 3b, d) . However 164 examination of the plots suggests this is driven by outliers, and is not biologically significant. 165 Fibrotic lesion scoring of images had no association with percentage of progressively motile 166 spermatozoa, or percentage of morphologically normal spermatozoa at BBSE1. Gross visual fibrotic 167 lesion scoring was compared to PI parameters. Fibrotic lesion scoring of testicles had an association 168 effect of 40.5% (P<0.001) of variance in PI standard deviation in a linear regression model (Figure 4 ). 169
Therefore visual assessment of images and fibrotic lesion scoring may be as useful as computer 170 aided assessment of testicular homogeneity. Gross testicular fibrosis can be associated with reduced 171 potential daily sperm output [14] . 172
No correlation was observed between PI measurements with pass or fail outcomes of bulls at BBSE1 173 ( Figure 5 ). Significant statistical correlation was observed between gross visual fibrotic lesion scoring 174 and pass or fail outcomes (P< 0.001)(T= 3.92) ( Figure 5d ). 175
Comparison of the PI of images taken at BBSE1 and semen parameters at BBSE2 are shown in Figure  176 6. No visual correlation was observed between the mean PI or standard deviation of PI when 177 compared to the percentage of progressively motile spermatozoa or the percentage of 178 morphologically normal spermatozoa. Statistically significant correlation was observed between PI 179 standard deviation and progressive motility (P= 0.044) )(r2= 16.1%), (Figure 6b ). However 180 examination of the plots suggests this is driven by outliers, and is not biologically significant. 181 Figure 7 shows the comparison of the PI of images taken at BBSE1 and the change in semen 182 parameters between BBSE1 and BBSE2. No visual or statistical correlation was observed between 183 the mean PI or standard deviation of PI when compared to change of sperm motility and change of 184 sperm morphology. 185
To assess whether age was confounding results and masking significant associations, a multivariable 186 general linear regression model was carried out. The outcomes of progressive motility and sperm 187 morphology were investigated for their association with PI mean. Age was included in the model, 188
and no significant association was identified from the maximal model or following backwards 189 M A N U S C R I P T Although previous studies have assessed the correlation between testicular PI and semen quality (as 197 assessed by measurement of sperm motility and morphology), this is the first field study to 198 investigate the correlation between testicular PI, gross testicular fibrosis score and future semen 199 quality in commercial bulls of breeding age. The PI measurements were practical to collect and 200 repeatable in a field setting. Although the results of this study did not highlight any significant 201 correlation with semen quality at BBSE1 or BBSE2 and testicular PI, it did identify that gross visual 202 lesion scoring of testicular images is comparable to computer analysis of PI in identifying animals 203 potentially suffering from gross testicular fibrosis. 204
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Previous studies [13] [14] [15] have suggested a link between testicular PI and future fertility [7] . This 205 study however found no significant correlation between testicular PI at BBSE1 and semen quality of 206 bulls at BBSE2. One study using scrotal insulation as a research model concluded that PI was 207 correlated to semen quality of ejaculates two to four weeks after initial examination [14] . Brito et al 208 2012 [13] observed similar results in a study examining bulls at four week intervals with correlations 209 between testicular PI and sperm morphology identified 4 to 8 weeks after initial examination. 210
Interpretation of these results has been difficult however, as correlation between semen parameters 211 and PI has been low and often conflicting in different studies [13] . This is the first field study to 212 investigate the correlation between testicular PI and future fertility of animals with abnormal sperm 213 motility and/or morphology at initial examination. In this study no significant correlation was 214 identified between testicular PI of images taken at BBSE1 and semen parameters at BBSE2 6 to 8 215 weeks later. Additionally no correlation was observed between testicular PI assessment and the 216 M A N U S C R I P T
change in semen parameters between BBSE1 and BBSE2. Therefore the results of this study suggest 217 that testicular PI is not useful as an aid in predicting current and future semen parameters of bulls in 218 the field setting. 219
The design of this study used equipment and image analysis software readily available to the general 220 veterinary practitioner. Preliminary in vitro work suggested standardisation of equipment and 221 testicular PI assessment between different veterinary practitioners was possible. However 222 environmental factors in the field, including the preparation and collection of testicular images, 223
alongside undertaking a full BBSE may have resulted in a variation of image quality. 224
Increased testicular echogenicity is associated with Sertoli cell differentiation, increased 225 seminiferous tubule diameter and a higher proportion of the testicular parenchyma occupied by 226 seminiferous tubules [21] . An increase in testicular echogenicity has been observed in bulls during 227 development of sexual maturity [13] . However variation of testicular PI in sexually mature bulls has 228 proven difficult to explain [13]. In agreement with previous studies, testicular PI in beef bulls had no 229 association with semen parameters at the time of testing [3, 21] . This is likely to be due to the fact 230 that testicular parenchyma at any given time does not correlate with the semen within an ejaculate 231
until several weeks later [7] . In this study fibrotic lesion scoring of testicles had an association effect 232 of 40.5% (P<0.001) of variance in PI standard deviation. Therefore visual assessment of images and 233
fibrotic lesion scoring may be as useful as computer aided assessment of testicular homogeneity in 234
identifying animals with gross testicular fibrosis which could be expected to reduce daily sperm 235 output [14] . 236
No relationship between PI, semen quality and testicular lesion scoring and age were identified by 237 multivariable models. Aravindakshan et al. described differences in echogenicity between early and 238 late maturing bull breeds prior to puberty [22]. These differences may not have been observed as 239 the bulls in this field study were considered to be post-pubertal by their owners before presentation 240 for BBSE. 241
The proportion of bulls failing at BBSE1 due to poor semen quality parameters in this study was 20 242 per cent and an overall failure rate at BBSE1 of 37% was identified. This is similar to the figures of 20 243 to 40 per cent reported previously [3] . Semen parameters that showed the greatest improvement 244 between BBSE1 and BBSE2 and resulted in 14 animals that failed BBSE1 yet passed BBSE2 were 245 percentage of progressively motile spermatozoa only (64%, 7 of 11 bulls) and percentage of 246 morphologically normal spermatozoa with a predominant abnormality of detached heads only (59%, 247 7 of 12 bulls). The improvement in progressive motility only and proportion of spermatozoa with 248 detached heads only seen between BBSE1 and BBSE2 suggest that these abnormalities may improve 249 over time, and a repeat BBSE may be warranted to avoid unnecessary culling of potentially fertile 250 bulls with these abnormalities. Improvement in the percentage of progressively motile spermatozoa 251 as the only abnormality observed could be explained by the influence of semen handling on sperm 252 M A N U S C R I P T
viability and the fact that this is a subjective assessment must not be overlooked [ 
